ABSTRACT This paper proposes a novel adaptive control framework for nonlinear teleoperation systems with dynamic and kinematic uncertainties and time-varying time delays. Master-slave synchronization in the task space is achieved. Compared with the previous work, the developed method can simultaneously handle the unknown kinematics/dynamics and the asymmetric varying time delays in a unified framework, and the inverses of the robots' Jacobians are not needed in the control design, and thus the master and slave robots can be redundant and the control law will be implemented more efficiently. Based on Lyapunov-Krasovskii methods, the stability criteria are established by linear matrix inequalities. It is shown by simulation studies that the developed control law can guarantee the task-space synchronization between the master and the slave.
time delay compensation for teleoperation systems in the presence of force-feedback in the framework of task-space control.
Even though task-space teleoperation has drawn the researchers' attention, most efforts on teleoperation systems so far are performed with exact knowledge of kinematic parameters. Nevertheless, kinematic uncertainties usually occur when a robotic manipulator grasps an object or a tool with unknown weight and inertia and in an unclear position and orientation [22] , [23] . This situation limits the robustness and overall performance of robotic teleoperators in practice.
Since assuming precise measurements of kinematic and dynamic parameters is difficult to accomplish in practice, several control algorithms have been proposed for networked robotic systems recently to deal with both kinematic and dynamic uncertainties. Reference [24] addressed the leadfollower and the leaderless task-space consensus problems in networked robotic systems with uncertainties in both the dynamics and the kinematics of the robots. By input-output passivation of the robotic agents, Wang [25] investigated the passivity-based synchronization for networked robotic systems with uncertain kinematics and dynamics. Some but very few efforts [26] , [27] have also been devoted to the control of teleoperation systems with both dynamic and kinematic uncertainties. Liu and Khong [26] studied the adaptive control of teleoperaiton systems without/with communication delays. Zhai and Xia [27] addressed the constrained predefined synchronization problem via switched control framework for task-space teleoperation in the presence of uncertainties in robot dynamics and kinematics, and also time-varying delays. However, all the above-mentioned methods used the inverses of the estimated robot Jacobians and thus the robot manipulator should be nonredundant and be operating in a finite work space such that the inverses of the Jacobian matrices exist. Moreover, for the inverse Jacobian method, the inverse of the estimated Jacobian should be updated in real time, which requires more real-time computation and thus will lead to significant inefficiencies in the controller implementation in practice.
In this paper, we propose a novel adaptive task-space synchronization control framework for nonlinear teleoperation systems irrespective of dynamic and kinematic uncertainties. The inverses of the estimated robot Jacobians are not required. The asymmetric communication delays are considered. The control design process is very intuitive. By Lyapunov-krasovskii methods, the stability condition is given in terms of linear matrix inequations (LMIs). Compared to the existing works [26] , [27] , this paper has some unique features and key contributions in the following ways. First, contrary to the works which used the inverses of the robots' estimated Jacobians, this paper achieves task-space position tracking without the extra computation, and hence the implementation efficiency of the controller would be improved. Second, a desired task-space teleoperator is introduced into the control design, which can then be modified according to different engineering requirements. Finally, the proposed method is applicable for teleoperation systems with nonredundant manipulators, while the pseudo-inverse of the Jacobian is also not required.
The rest of this paper is organized as follows. The system modeling and some preliminaries are given in Section II. Explicit control design for nonlinear teleoperation systems in the presence of uncertainties in the dynamics and kinematics is provided in Section III. Stability analysis for the closedloop system with asymmetric time-varying communication delays is shown in Section IV, following which we further give some simulation studies in Section V. Finally, Section VI concludes the paper.
Notations: Throughout this paper, the superscript T stands for matrix transposition. R n denotes the n-dimensional Euclidean space with vector norm | · |, R n×m is the set of all n × m real matrices. λ min (M ) and λ max (M ) denote the maximum and the minimum eigenvalue of matrix M = M T ∈ R n×n , respectively. For any function f : [0, ∞) → R n , the L ∞ -norm is defined as f ∞ := sup t≥0 |f (t)|, and the square of the L 2 -norm as
The L ∞ and L 2 spaces are defined as the sets {f :
II. PRELIMINARIES
Consider a teleoperation system comprising of a n m −link master and n s −link slave with the dynamics as follows: Property 5: The dynamics in (1-2) are linearly parameterizable as follows:
where i = m, s repsectively, θ i ∈ R p i is a vector of dynamic parameters and Y i (q i ,q i ,q i ) ∈ R n i ×p i which is called as a regressor, is the matrix of known functions of q i ,q i ,q i . Note that the master and slave robot in (1-2) may have different degrees of freedom (DOFs), i.e., n m = n s , in other words, the master and the slave can be heterogeneous robots. Although the master and slave robots may have different dimensions in the joint space, the dimensions of the endeffectors should be identical. Without loss of generality, the following assumption is imposed.
Assumption 6: The master and slave robots have identical dimension n in the task space.
Therefore, the relationships between the positions of the end-effectors X m , X s ∈ R n and the joint-space vectors q m , q s are described as
where h m (·) : R n m → R n and h s (·) : R n s → R n denote the mapping between the joint space and the task space, and
are the Jacobian matrices that are unknown throughout this paper. The following property is needed in this paper:
The kinematics in (4-5) depend linearly on parameter vectors a m , a s :
In this paper, we aim to propose a task-space synchronization control scheme for a teleoperation system with the dynamics given in (1-2) and the kinematics given in (4) (5) . The master and slave robots exchange the positions of the end-effectors X m , X s through the communication network with time-varying time delays. The forward and backward transmission delays denoted by T m (t) and T s (t), respectively, are assumed to satisfy the following assumption.
Assumption 8: For i = m, s, respectively, there exists positive constant h i such that the communication delay
III. TASK-SPACE SYNCHRONIZATION CONTROL A. LOCAL ADAPTIVE CONTROL
Using Property 5, the system dynamics (1-2) reduce to the form
Note that (7) (8) yield that
Since the dynamics and the kinematics of the robotic systems are unknown or with uncertainties, we naturally propose the the control laws by replacing θ i , J i with their estimatesθ i ,Ĵ i :
where z m , z s are to be designed later. For each i = m, s,Ĵ i is obtained by replacing a i in J i (q i ) with its estimateâ i . Substituting the control laws (7) (8) into (1-2), we obtain
whereθ m = θ m −θ m andθ s = θ s −θ s are the dynamic parameter estimation errors. The adaption laws for (13) (14) are formulated aṡ
with 0 < m ∈ R p m ×p m , 0 < s ∈ R p n ×p n . Combining (13-16), we have the following closed-loop system:
B. TASK-SPACE SYNCHRONIZATION CONTROL To achieve task-space synchronization, the auxiliary variables z m , z s are designed as
where the matrix M and damping matrix B are selected to reflect a desired impedance of the teleoperator in the task space, and f m , f s are control input for the task-space dynamics. Substituting (18) (19) into (13) (14) , we obtain that
whereã i = a i −â i for i = m, s, respectively, is the estimation error of the kinematic parameters. Thus we have the following dynamics in the task space
where
with J − i is the inverse of J i , J + i represents the pseudo-inverse of J i which is defined by J
Note that (20-21) is a new linear teleoperation system with known dynamics. The control design for this system has been studied extensively in recent years. A widely used control strategy is P + d control [28] :
In summary, with (11), (12), (15), (16), (18), (19), (25), (26) at hand, we have the task-space synchronization control as follows:
The block diagram of the proposed control algorithm (27) is depicted in Figure 1 . 
Remark 9:
Note that the inverses of the Jacobians are not needed in the controller (27) even though the closed-loop system may contain the inverses because of δ i .
Remark 10 [21] : The acceleration terms in (27) may not be easily available. However, with the progress of sensor technology, for instance, the technology shown in [30] and [31] , it is possible to acquire the measurements of acceleration accurately. Moreover, there have been controllers proposed in the literature that assume acceleration measurements are available [21] , [32] . As for the application, filtering of the measurements is needed and this may lead to robustness issues. In this paper, it is assumed that this is not the case. An improved version of the proposed controller that does not require these measurements is the topic of future research.
Remark 11: Given M , B, the control gains K p , K d can be computed optimally and a lot of works such as [9] , [34] , and [35] have been devoted to solve this problem. Hence, once the teleoperator's desired impedance in the task space is decided, it is possible to obtain an optimal control law for the teleoperation system (1-2).
IV. STABILITY ANALYSIS
Combing the system dynamics (1-2) and the control law (27) , we obtain the closed-loop system as follows:
where i, j = m, s, respectively, j = i, F ext,m = f h , F ext,s = −f e , and δ i is defined in (24) . Now we have the following stability result for the closed-loop system (28) .
Before providing the main stability result, the following assumption is introduced.
Assumption 12: For i = m, s representing the master and slave manipulator, respectively, the matrix Y i is persistent exciting, i.e., there exist positive constants α i and T such that
Remark 13 [35] : Assumption 12 can be accomplished by the persistent excited input signal, i.e., natural tremor of signal from the human operator which excites all parameters of the model. Theorem 14: Consider the closed-loop system (28) with the communication time delays T m (t), T s (t) satisfy Assumption 8. If there exist 0 < R m ∈ R n×n , 0 < R s ∈ R n×n such that the following LMI
holds, then 1) if the teleoperation system is in free motion, i.e., f h ≡ 0, f e ≡ 0, then the task-space tracking error X m − X s , the task-space velocitiesẊ m ,Ẋ s , parameter estimation errorsθ m ,θ s ,ã m ,ã s are bounded in the presence of time-varying communication delays, andẊ m ,Ẋ s converge to the origin asymptotically. Furthermore, the task-space tracking error X m − X s VOLUME 6, 2018 converges to the origin and the estimated parameters θ m , θ s converge to the true parameters in the sense of lim t→∞θm = lim t→∞θs = 0 if the persistent excitation condition in Assumption 12 holds; 
Taking the derivative of (33) along with the trajectory of (28), we arrive aṫ (38) by applying Jensen's inequality. Note that
When the external forces f h ≡ f e ≡ 0, then with the LMI (30), (41) reduces tȯ
Integrating both sides of (42) from 0 to t, we have
where ε = λ max (− ). Thus we have V ∈ L ∞ , and ξ ∈ L 2 . Since V is radically unbounded witḣ
is usually the trigonometric functions of q i , and it is bounded. Thus its inverse J −1 i (q i ) is bounded as long as it exists [36] . Furthermore, the derivative of the JacobianJ i is bounded if the velocityq i is bounded. Obviously, the boundedness of the positions in the joint spaceq m ,q s are guaranteed by (4) (5) , and hencė J i ∈ L ∞ . Substituting (27) into (1-2) with f h = f e = 0, we obtain that (3) and W m , W s are bounded from (13) (14) . SinceẌ i ∈ L ∞ ,Ẋ i ∈ L 2 ∩L ∞ , then invoking Barbalat's Lemma, we have that lim t→∞Ẋi (t) = 0 and then lim t→∞qi (t) = 0. Furthermore, if persistent excitation condition in Assumption 12 holds, which means that θ i can converge to zero from (28) . Differentiating both sides of (44), we will find that ... q i is bounded, and thus ... X i is also bounded. Invoking Barbalat's Lemma again, we have that lim t→∞qi (t) = lim t→∞Ẍi (t) = 0. Thus by (44), we have that
Thus, one has that X j (t − T j (t)) − X i → 0 as t → ∞. Now by (39)- (40), we have that X m − X s → 0 as t → ∞. This completes the proof of Claim 1.
there exist positive constants m , s such that |f h (t)| ≤ m , |f e (t)| ≤ s , then the time derivative of the Lyapunov functional (33) is given bẏ
Thus, for all t ≥ 0, one has that V (t) ≤ V (0) for
we have thatq m ,q s are also bounded. By (39-40), it is easy to show that
Then by the closed-loop system (44) with external forces f h , f e included, then q m ,q s ,Ẍ m ,Ẍ s ∈ L ∞ . Now following the same line of reasoning in the last part of the proof of Claim 1, the proof of Claim 3 is completed.
V. SIMULATIONS AND RESULTS
In this section, the simulation results are shown to verify the effective of the main results. Consider a 2-DOF teleoperation system (1-2) with
with i = m, s representing the master and slave manipulators, respectively. The parameters used for the simulations are as follows:
81m/s 2 . The Jacobians of the master and slave robots are given by
In the following simulations, we choose that M = 1, B = 1, and The following parameterization is proposed for both manipulators with i = m, s, respectively: We first assume that the operator hand force at the Y −direction is generated by F h y = 10(sin(t/π)+sin(2t/π)+ sin(5t/π)) ∈ L ∞ , which is also depicted in Figure 2 , while at the X -direction, there is no external force, then we have F h = [0, 1] T F h y . The slave is in free motion in this simulation. By applying the designed controller (27) with
, we obtain the simulation results as shown in Figure 3-Figure 4 . It can be seen that under the proposed controller, the presence of parametric uncertainties does not violate the stability of the bilateral teleoperation. All the signals are bounded. Furthermore, the estimated dynamic parameters and kinematic parameters are shown in Figure 5 and Figure 6 , respectively, which also imply that the estimated parameters are bounded.
Secondly, we assume there is a rectangle force which is depicted in Figure 7 exerted to the master at the Y-direction by the human operator. The slave can move freely until it reaches a wall at y = 0.02 m. The task-space positions of the master and slave robots are depicted in Figure 8-Figure 9 . It can be seen that the slave's motion follows the master's motion tightly from Figure 8 at X-direction. At Y-direction, by Figure 9 , we find that the master and the slave move to each other until the slave reaches the wall (around 1s), and then the slave can not move further anymore, while the master's endeffector moves further until it arrives at the position of the slave's end-effector. After that time, the master moves a lit bit where the rectangle human input is exerted, but at most of the time, it stays in the same position as the slave's end-effector. The estimated dynamic parameters and kinematic parameters are shown in Figure 10 and Figure 11 , respectively.
VI. CONCLUSION
In this paper, a novel adaptive control framework that addressed system uncertainties, including robot dynamic uncertainties and kinematic uncertainties for nonlinear teleoperation systems was proposed. The time-varying transmission time delays have been considered. The stability criteria in terms of LMIs, which give the sufficient conditions related to the controller gains, the upper bound of time delays, have been provided. The controller performance is verified via simulation, where both master and slave are assumed to be two-link manipulators with full nonlinear system dynamics. 
